The fetal brain is thought to have a role in the onset and progression of labor. Evidence also exists for fetal oxytocin release just before and during parturition. The present study examined whether activation of the fetal brain could induce uterine myometrial contractions through oxytocin receptors in the dam. Under urethane anesthesia, electrical stimulation of the hypothalamus of fetal rats that were still connected with the dams by an intact umbilical cord induced uterine contractions in term pregnant rats. Intraperitoneal injections of synthetic oxytocin in fetuses induced uterine contractions in the dams similar to those induced by electrical stimulation of the fetal hypothalamus. Maternal intravenous injections of an oxytocin antagonist immediately attenuated uterine contractions induced by fetal oxytocin injections and electrical stimulation of the fetal hypothalamus. These findings suggest the possibility that oxytocin released from the fetal hypothalamus is involved in parturition.
INTRODUCTION
The onset and progression of labor are thought to be regulated by signals arising in both the mother and fetus, although the detailed mechanism remains unclear. Oxytocin released from the maternal hypothalamus via the posterior pituitary is an important molecule involved in the progression of labor [1] . In humans, the concentration of oxytocin during labor is higher in the umbilical artery than in the umbilical vein, suggesting that oxytocin is released from the fetus [2, 3] . In rats, the oxytocin content in the fetal brain increases gradually before parturition and decreases during and/or just before parturition [4] . These findings suggest that fetal oxytocin has a role in parturition, but it is not known whether oxytocin released because of activation of the fetal hypothalamus induces uterine contractions in pregnant animals. In the present study, we examined whether electrical stimulation of the hypothalamus of fetal rats that were still connected with dams by an intact umbilical cord could induce uterine contractions through oxytocin receptors in term pregnant rats.
MATERIALS AND METHODS

Animals
Sprague-Dawley rats were housed with free access to food and water at room temperature (228C) and under a 12L:12D photoperiod (lights-on at 0800 h, lights-off at 2000 h). Each female rat (age, 9-10 wk) was kept with an adult male rat in the same cage overnight for mating, and vaginal smears were examined the following morning. The day on which the smear was positive for sperm was taken as Embryonic Day 0. Then, each pregnant rat was placed singly in a plastic cage (40 3 25 3 20 cm) with woodchip bedding until the experiments were performed. Experimental conditions and procedures were reviewed by the Committee on the Ethics of Animal Experiments at Yamaguchi University School of Medicine and were carried out under the control of the Guideline for Animal Experiments in Yamaguchi University School of Medicine and in accordance with Japanese Federal Law (no. 105) and Notification (no. 6) of the Japanese Government.
Anesthesia and Surgery
On the morning of the experiment, a pregnant dam was anesthetized with urethane (1.2-1.4 g/kg i.p. and supplemented as necessary throughout the experiment). Seventy term pregnant rats were used. One or two fetuses at Embryonic Day 21 (n ¼ 130 in total) were used in each experiment. Body temperature of the dams was maintained at 36-378C with a heating pad. For fetal rats, warm saline (378C) was frequently poured on the surface of the skin to maintain an appropriate body temperature and humid environment. After anesthesia, the left jugular vein of the pregnant rat was exposed by a skin incision. For drug injection, the tip of a silicone tube (inner diameter, 0.635 mm; outer diameter, 1.194 mm) was inserted into the superior caval vein near the right atrium. Then, to record uterine myometrial contractions, the uterus was exposed by cesarean section, and a force transducer was attached with a thread to the uterine myometrium covering the fetus, the brain of which was subjected to electrical stimulation. During the experiments, care was taken to keep the uterus moist.
Drugs
Synthetic oxytocin (Sigma Chemical Co.) was injected i.p. into the fetus at a dose of 300 lIU. The specific oxytocin antagonist [d(CH2)5,Tyr(Me)2, Orn8]-vasotocin (Peninsula Laboratories, Inc.) was injected through the dam's superior caval vein at a dose of 2 lg/injection.
Electrical Stimulation of the Fetal Hypothalamus and Recording of the Dam's Myometrial Contractions
The method for head fixation of fetal rats to a conventional stereotaxic apparatus has been described elsewhere [5] . Briefly, the uterus was partially cut to expose a fetus. The fetal body was placed in a syringe tube (inner diameter, ;18 mm) which was fixed to a stainless-steel board with adhesive tape. The umbilical cord was passed through a small opening made at the bottom of the syringe tube and covered with cotton. The fetal head was attached to the stereotaxic apparatus. The rostral part of the fetal head was glued directly to the stainless-steel board with dental cement. Care was taken to ensure that the skull was horizontal between bregma and lambda and not tilted to one side. After the head was fixed in place, the skin over the cranium was removed.
For electrical stimulation of the fetal hypothalamus, bipolar electrodes consisting of a pair of insulated, stainless-steel wires (diameter, 0.2 mm) with an exposed tip of approximately 0.5 mm were inserted obliquely at a 58 angle toward the middle from a point 1.0-1.2 mm anterior to lambda, 0.4-0.5 mm lateral to the midline, and 4.0 mm deep from the cortical surface. The fetal brain was stimulated by 100-msec trains of ten 1-msec, 2-mA pulses (10-msec intervals). Each train of pulses was delivered at 0.5-1 Hz.
Recording of the dam's myometrial contractions was started immediately after fetal head fixation and continued during implantation of the stimulating electrode. After confirming that the uterine contractions were stable for at least 10 min, electrical stimulation was given for 10 min. Recordings of the dam's myometrial contractions were continued for at least 10 min after stopping the electrical stimulation. At the end of each experiment, the stimulation sites of the fetal brain were lesioned by passing a 5-mA direct current for 10 sec through the stimulation electrodes. The fetuses were removed from the stereotaxic apparatus and perfused transcardially with a solution of 0.1 M phosphate buffer containing 4% paraformaldehyde (pH 7.4). The whole brains of the fetuses were removed and postfixed with the same solution of paraformaldehyde and dehydrated in 10-30% sucrose solution. Serial coronal sections of the frozen fetal brains were cut at a thickness of 30-50 lm with a cryostat microtome set at À268C. The sections were mounted on gelatin-coated glass slides and stained with hematoxylin-eosin to locate the tip of the stimulating electrode.
Analysis of Myometrial Contractions
Data regarding uterine myometrial contractions were stored on a hard disk in a personal computer for later analysis with PowerLab/8SP (ADInstruments, Castle Hill, Australia). Changes in myometrial contraction following fetal brain stimulation were considered to be significant if the following criteria were satisfied: 1) In the control period, the SEM of the area under the curve (AUC) of myometrial contractions every 2 min was less than two, 2) changes in AUC following fetal brain stimulation were greater than the mean 6 2 SD of the AUC in the control period, and 3) changes that satisfied the conditions of criteria 1 and 2 were observed serially at least twice.
Measurement of the Fetal Serum Concentration of Oxytocin
The present study examined whether the dam's uterine contractions induced by fetal brain stimulation were associated with increases in the fetal serum concentrations of oxytocin. However, the sites of electrical stimulation of the fetal brain were not confirmed for the following reason: Because the dam's uterine contractions induced by electrical stimulation of the fetal brain continued only for a short time after fetal brain stimulation, increases in the fetal serum concentrations of oxytocin were thought to occur transiently following fetal brain stimulation. Thus, fetal blood had to be taken immediately after confirmation of the dam's uterine contractions by fetal brain stimulation, without making a lesion at the stimulating site.
Fetal plasma samples were obtained by cardiac puncture and then frozen immediately. Oxytocin concentrations in plasma samples were determined by Teikoku Zouki, Inc. Fetal oxytocin concentrations were determined in plasma samples (0.05 ml) by solid-phase radioimmunoassay using an oxytocin antibody developed by Teikoku Zoki. This antibody cross-reacts 0.001% with vasopressin and has a detection limit of 0.5 lIU/ml.
Statistical Analysis
The data shown in Figures 3 and 5 were analyzed by a one-way analysis of variance followed by Fisher protected least significant difference tests. A P value of less than 0.05 was considered to be statistically significant.
RESULTS
To determine if electrical stimulation of the fetal brain could induce uterine contractions in term pregnant rats, 130 fetuses were stimulated as described in Materials and Methods. Brain stimulation in nine fetuses induced significant increases in uterine contractions (Fig. 1) . In these nine fetuses, effective stimulation sites for inducing uterine contractions were localized either in (n ¼ 7) or close (n ¼ 2) to the paraventricular nucleus (PVN) in the hypothalamus (Fig. 2) . In 115 of the 121 fetuses for which stimulation was not effective, the stimulation sites were located in hypothalamic regions outside the PVN or in thalamic regions; the remaining six fetuses in which stimulating electrodes were localized either in (n ¼ 3) or close to (n ¼ 3) the PVN revealed no significant increases in uterine contractions.
The time course of the changes in uterine contractions following stimulation of the fetal hypothalamus in the nine fetuses for which the stimulation was effective is shown in Figure 3 . Increases in uterine contractions became apparent at Intraperitoneal injections of synthetic oxytocin in fetuses induced uterine contractions in dams similar to those induced by electrical stimulation of the fetal hypothalamus (Fig. 4) . (Figs. 4 and 5B).
To confirm that the dam's uterine contractions induced by fetal brain stimulation were associated with increases in the fetal serum concentrations of oxytocin, fetal blood was taken immediately after confirmation of the dam's uterine contractions by fetal brain stimulation, and the fetal serum concentrations of oxytocin were measured. The serum concentrations of oxytocin in fetuses that revealed significant increases in uterine contractions following stimulation of the fetal hypothalamus were much higher than those in nonstimulated fetuses. The values of serum oxytocin concentrations in the nonstimulated fetuses (10.1-110 lIU/ml, n ¼ 12) and the stimulated fetuses (130 to .2000 lIU/ml, n ¼ 5) could not be compared statistically, because the values obtained from two of the five stimulated fetuses were over the maximum measurement limit (Fig. 6) .
DISCUSSION
The present experiments were performed based on the findings that fetal oxytocin was released before and/or during parturition [2] [3] [4] . Electrical stimulation of the fetal PVN, which contains oxytocin neurons, could induce uterine contractions in term pregnant rats. Uterine contractions induced by stimulation of the fetal PVN were blocked by an oxytocin receptor antagonist, indicating the occurrence of the uterine contractions through oxytocin receptors. In addition, it was confirmed that the dam's uterine contractions induced by fetal brain stimulation were associated with increases in the fetal serum concentrations of oxytocin.
In the present study, 130 fetuses still connected with the dams by the umbilical cord were subjected to electrical stimulation of the brain to induce the dam's uterine contractions. In 9 of 15 fetuses in which stimulating electrodes were located either in or close to the PVN, electrical stimulation was effective in inducing the dam's uterine contractions. Despite localizing stimulating electrodes either in or close to the PVN, however, 6 of 15 fetuses revealed no significant increases in their dam's uterine contractions following fetal brain stimulation. The reasons for the ineffectiveness of brain stimulation in these fetuses remain unclear. Because uterine contractions are thought to be affected by various factors, such as surgical damage of the uterus, the failure of fetal PVN stimulation to induce uterine contractions could be attributable, at least in part, to the dam's uterine conditions. Moreover, the density of oxytocin receptors in the uterine myometrium sharply increases at the end of pregnancy, resulting in the increased responsiveness of the myometrium to oxytocin during late pregnancy [1] . Although in the present study oxytocin receptor density in the myometrium was not measured, it is possible the dams that showed no obvious uterine contraction by fetal PVN stimulation did not have an oxytocin receptor density in the myometrium sufficient to induce uterine contractions. It also is possible that the electrical excitability of PVN neurons in the fetuses that showed no maternal uterine contractions by fetal PVN stimulation might have been too immature to generate action potentials by electrical stimulation. If fetal oxytocin participates in the initiation of labor, fetal oxytocin release for the initiation of labor may be regulated by maturation of the electrical excitability of oxytocin neurons in the fetal brain.
The present results suggest that oxytocin, which is released by activation of the fetal hypothalamus, passes via the placenta and induces uterine contractions in the dam through oxytocin receptors. A large increase in oxytocin release from the maternal hypothalamus occurs during labor but not before parturition [1, 3] , suggesting that maternal oxytocin as well as prostaglandins have a major role in the progression of labor. In contrast, the role of oxytocin in the initiation of parturition remains controversial. The initiation of labor is delayed in animals with oxytocin receptors that are blocked by repeated injections of oxytocin receptor antagonists on the day of expected delivery [6, 7] . Some studies, however, have found no change in the initiation of labor following treatments with oxytocin antagonists [8, 9] . In these previous experiments, infusion of oxytocin antagonists was started several days before labor. Moreover, parturition occurred without delay in animals having permanent impairment of oxytocin, including oxytocin gene knockout [10] [11] [12] , and in human anencephaly [13] . As in the oxytocin knockout experiments, homozygous females produced by mating of homozygous females and homozygous males showed no obvious deficits in parturition, so the possibility is excluded that oxytocin originating from the fetus plays a role in normal parturition in oxytocin knockout females [11] . In addition, mice with a null mutation in the oxytocin receptor gene also showed normal parturition, indicating no major role of fetal oxytocin in the initiation of parturition [14] . Under a continuing loss of oxytocin function, it is likely that other mechanisms might operate to ensure successful parturition.
Imamura et al. [15] have shown that continuous infusion of oxytocin in mice can either delay labor at low doses or initiate preterm labor at high doses. Because the dose of oxytocin that delayed labor also delayed the normal decrease in plasma progesterone during late pregnancy, oxytocin was thought by those authors to exert a direct effect on the ovarian corpus luteum to inhibit the initiation of labor by maintaining progesterone production. Based on the experimental results, those investigators proposed that the downregulation of oxytocin receptors in the ovarian corpus luteum and the upregulation of oxytocin receptors in the uterine myometrium contribute to shift oxytocin action during pregnancy from labor inhibition to labor promotion [15, 16] . Therefore, it is possible that fetal oxytocin plays a role in exerting direct action on the maternal corpus luteum and uterus to regulate the timing of parturition. Moreover, the present results may indicate the possibility that anomalous activation of fetal oxytocin neurons before term is associated with induction of preterm labor.
Reports have indicated that the fetal brain has a role in the timing of parturition. Liggins et al. [17] were the first to report that the fetal hypothalamus is involved in the onset of parturition. In sheep, the fetal hypothalamo-pituitary-adrenal axis regulates the onset of parturition by triggering a sequential process, including an increase in fetal serum cortisol 
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concentrations and reduced progesterone production, followed by increases in prostaglandin synthesis and oxytocin receptor density in the uterine myometrium [1, 18] . In contrast to this slow regulation of the timing of parturition, a possible function of fetal oxytocin may be to act directly on the dam's uterine myometrium as a trigger for the immediate initiation of labor; after release from the fetal hypothalamus, oxytocin reaches the dam's uterus to immediately initiate labor by triggering uterine myometrial contractions.
